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Abstract 
The manufacturing industry is shifting towards sustainability as a business strategy to maximize added value with minimum resource 
consumption. An increasing number of publications highlight the importance and ongoing development of general methodologies to achieve 
the aforementioned goal. However, the focus has been mainly on separate management of the material flow, process control and energy 
consumption. Moreover, only limited industrial applications have been reported to show the real achievable benefits for industries. This paper 
presents a roadmap for improving the energy efficiency of a manufacturing plant, through increasing transparency in material and energy flows 
to derive detailed feasibility studies of improvement measures and applicability. Final results illustrate the importance of the integrated material 
and energy flow to guarantee achievement of the main production objectives in addition to maximizing the energy saving potentials. 
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction 
The manufacturing industry plays a pivotal role in an 
industrial society due to its enormous contribution to the 
economy, employment, investment and innovation. Australian 
manufacturing (excluding steel production and mining 
industry) comprises 7.1 per cent of Australia’s Gross 
Domestic Product (GDP) directly in 2012-2013, contributes to 
8 per cent of the national employment by Sep 2013, and 
accounts for 24.4 per cent of the total business expenditure on 
research and development (R&D) in 2011-2012 [1]. However, 
manufacturing is always associated with a large share of 
energy consumption. In Australia, over one quarter of the final 
energy is consumed by the manufacturing sector in 2011-
2012. More critically, more than 80 per cent of the electricity 
is generated from non-renewable resources (e.g. black coal), 
that makes manufacturing a major contributor to the 
environmental impact in Australia. In addition, energy 
consumption and associated prices have been increased 
steadily over the last five years [2]. With the increasing 
environmental awareness and stringent regulations, energy 
efficiency has gained momentum from both academy and 
industry in the field of manufacturing. Correspondingly, 
extensive research on the topic of energy efficiency has 
produced a vast pool of knowledge, meanwhile a boost of 
technology development has been observed in industry.  
The state of the art in energy and resource efficiency 
increasing methods and techniques from the unit process level 
to the supply-chain level is systematically reviewed by Duflou 
et al. [3]. At a macro level, material and energy flow analysis 
(MEFA) has been subject to significant development in the 
field of ecology and economy, which formulates and 
quantifies the input and output of a system [4]. The principle 
of MEFA has been adapted to develop the procedures for 
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environmental and material flow cost accounting [5]. 
However, the results are limited due to the static nature of 
MEFA whereas the material and energy flows in a 
manufacturing system are highly dynamic and interdependent. 
Recent developments predominantly use discrete event 
simulation to model a manufacturing facility [6]. Although the 
simulation significantly increases the transparency of energy 
and material efficiency in a factory, it requires certain efforts 
and expertise to construct such a model at a factory level. At 
the unit process level, studies provide the insights at the most 
detailed level of a manufacturing system, which primarily 
focus on the characterization of unit process energy 
consumption via different approaches, such as exergy 
framework [7], state-based simulation [8], empirical 
modelling [9], and nominal power estimation [10]. The 
detailed model further leads to determining the optimal 
process parameter settings of a unit process from an eco-
efficiency aspect [11]. Furthermore conceptual frameworks 
with a step-by-step procedure exist addressing a continuous 
improvement of energy efficiency [12]. The above approaches 
require different modelling efforts, resulting different levels of 
reliability in terms accuracy and ability to capture the process 
dynamics. When selecting those approaches for industrial 
practice, it is inevitable to involve trade-off between the 
modelling efforts and reliability. 
Meanwhile, industrial application of energy efficiency 
technologies have shown a promising potential to reduce 
energy consumption and associated costs [13-14]. Industrial 
organizations like CECIMO (the European Association of the 
Machine Tool Industries) promote the energy and resource 
efficiency as the key competitiveness through innovation and 
application of advanced technologies [15]. Worrell et al. have 
studied sector-wide and process specific technologies that can 
contribute to reduced energy use and greenhouse gas emission 
[16]. For instance energy recovery techniques, energy efficient 
electric motors and advanced steam generators are among 
sector-wide options with energy saving potential up to 40%. In 
spite of aforementioned opportunities several implementation 
barriers are identified for adoption of potential technologies in 
the context of an existing system. These include: lack of 
information, transaction costs, organizational structure, 
conflicting priorities for capital investment and long capital 
replacement cycles [17]. In addition the implemented 
technology needs to cope with technical constraints within 
economic and production limits that can finally lead to sound 
investment decisions. Consequently a comprehensive 
approach, which addresses vital application aspects of the 
energy, related technologies is missing. 
Therefore, this paper presents a roadmap for improving the 
energy efficiency of a manufacturing plant. It offers a detailed 
guideline to increase transparency in material and energy 
flows, as well as to derive detailed feasibility studies of 
improvement measures and applicability. An industrial case is 
used to demonstrate the proposed roadmap and the potential 
benefits of such an approach.  
2. Industrial constraints 
In order to achieve the industrial practicality, it is 
important to first understand the nature of industrial 
applications and associated constraints. As mentioned before, 
more and more manufacturers are highly motivated to 
improve their energy and resource efficiency. In fact, many of 
them proactively search for assistances and solutions to 
understand how the energy and materials are consumed within 
the facility as well as to identify opportunities for 
improvement. Recently, energy and environmental audit as a 
consultancy service has become increasingly popular among 
manufacturers. However, the auditing results often stopped at 
the point of deriving action plans and engineering solutions 
for reducing the consumption or increasing the efficiency. 
This is mainly due to the lack of reliability of the auditing 
results, the error margin of which often exceeds ± 40 per cent 
[18]. Since majority of the existing plants do not have an 
energy metering system to monitor each process/machine, the 
nominal power consumption and a guess on load factor (i.e. 
the ratio between actual power and the nominal power) is 
often used to roughly estimate the energy flow after a short 
site-walk-through. The estimation requires further validation 
through sub-metering, which is not commonly performed. As 
a result, industry finds it hard to justify the investment on 
improvement measures based on an incorrect estimation, 
especially when requesting large capital and labour 
investments. Moreover, adaptation of energy efficiency 
technologies can have undesirable impacts on the production 
system [12]. Therefore, a number of industrial constraints 
need to be considered when evaluating improvement options:  
x Resource constraints: financial resource is the biggest 
constraints for any manufacturer to implement energy and 
resource efficiency measures. The payback period for a 
major investment is often expected to be shorter than a 
year. This certainly pressures the amount of saving and the 
budget for the implementation. Moreover, the required 
personnel and expertise also contribute to a considerable 
share of implementing cost. Thus, the resource constraints 
need to be clearly communicated prior to taking any action.  
x Production constraints: any change in a manufacturing 
facility may lead to the overall performance change at the 
system level such as throughput rate, inventory level, on 
time delivery, etc. These performances are closely linked 
with the customer service level, which should not be 
jeopardized. During the implementation process, the 
production may also be affected due to set-up activities, 
such as, connection of energy meters, installation of new 
devices, etc. These activities need to be planned with 
cautious in order to minimize the interruption to the 
production.  
x Technology constraints: retrofitting options can face with 
technological constraints to fit into the existing production 
systems in terms of space, capacity, operation etc. These 
constraints not only limit the number of feasible options 
but also increase the risk of future disturbances into the 
ongoing production system. As a result, these need to be 
investigated and integrated explicitly prior to the final 
recommendation for decision makers.  
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3. Methodology: roadmap description 
With the industrial constraints in mind, the proposed 
roadmap mainly consists of four stages including general 
material and energy flow analysis, hot spot identification, 
detailed process metering and modelling, and improvement 
evaluation as shown in Fig. 1.  
The first step in stage 1 is to define the system boundary 
and the included processes/machines. The energy and material 
flows can be qualitatively sketched by walking through the 
site. Then multiple types of data need to be collected to 
quantify the flows, such as energy bills, machine 
specifications, material usage report, waste logbook, 
production records, etc. Owing to the absence of energy 
metering system, the most challenge task here is to break 
down the energy consumption at the unit process level. 
Alternatively, a rough estimation of load factor can be made 
based on expert opinions, machine documentations, published 
energy profiles of similar processes, etc. In order to validate 
the estimation, the assumed load factor needs to be reused for 
calculating different periods and compared with the energy 
bill. The comparison can be further used to adjust the 
assumptions for load factor. In the end, the input/output flow 
can be quantified for the defined period, and transferred into a 
spread sheet. It is also possible to construct a static material 
and energy flow model with the help of software such as 
Umberto® . 
In stage 2, the static results are recommended to be first 
visualized in the form of Sankey diagram. The thickness of 
the arrows emphasizes the major energy and material flow to 
help with the identification of hot spots. In addition to the 
total energy and material consumption, other key performance 
indicators (KPI) need to be calculated to determine a 
meaningful hot spot, for instance, the low machine utilization 
rate [19]. These KPIs form the production constraints for the 
next stages. A workshop involving the related engineers, 
operators and production planners is followed to rank the hot 
spot and generate ideas for improvements.  
In stage 3, a sub-metering activity for a relatively short 
period is highly recommended for the identified hot spots. 
Meanwhile a time study needs to be conducted to quantify the 
exact value adding time and non-value adding time. For the 
dynamic process, it is helpful to construct a more detailed 
process model, for example, a state-based process model in 
the Anylogic® environment. The generic information 
obtained from stage 1 can be used to form the base line 
scenario. The process model can be further validated with the 
metering results.  
In stage 4, firstly the available technologies are screened to 
select the potential ones. The detailed technical specifications 
are further reviewed to compare with the constraints of the 
current process. A technical feasibility report can be 
generated, which addresses the pros and cons of each option. 
In this case an appropriate state-based model of the reviewed 
energy efficiency technology can be developed. After running 
for the same period of the base line, the total energy 
consumptions and other KPIs can be compared directly. The 
saving potentials can be also predicted in a relative accurate 
way. Once obtaining the cost information of each option, the 
financial feasibility can be reported. 
4. Case study 
The presented case is aluminium flat rolled product facility 
in Australia. It recycles half a billion aluminium cans each 
year, but also consumes enormous amount of energy. The 
company is keen to identify potential energy saving 
opportunities in a strategic and applicable manner. The 
proposed roadmap is first applied to the hotline department as 
discussed in the following sections.  
4.1. Stage 1: General MEFA 
After a site visit, the process flow of the hotline department 
has been identified. This department receives cast aluminium 
block or called ingot from the upper stream department. The 
ingot is first face milled in scalper process line, then heated in 
a gas oven for hours. Afterwards, the ingot goes through two 
stages of rolling processes to reduce the ingot thickness from 
70cm to less than 1 cm. In the end, the flat aluminium sheet is 
rolled into coils and sent to downstream department for 
annealing process and further rolling processes. Regarding the 
technical building service system (TBS), a dedicated cooling 
tower is associated with the rolling processes. The 
compressed air is centrally supplied for all three departments, 
thus it is to be included for the study over the three 
departments. 
Owing to the advanced SCADA (Supervisory control and 
data acquisition) system, the weight of the ingot is precisely 
measured before and after each process step, so the material 
flow information can be directly tracked from the database. 
However, the breakdown of electrical energy consumption 
faces challenges as expected. One of them is the size and the 
capacity of the machines. In the hotline department, the 
motors of each process feature nominal power in the unit of 
MW. Thus, the authors decided to investigate the energy flow 
at the component level for a meaningful result. Since the 
energy consumption is not metered at this level, necessary 
assumptions and estimations need to be made. By consulting 
Fig.1. The roadmap from MEFA to improvement evaluation 
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the site engineers and searching literatures, all the induction 
motors and variable speed drives (VSD) were initially 
assumed with 40 per cent load factor and the others with 90 
per cent. As the production fluctuated over the study period, 
the aggregated result was compared with the monthly energy 
reading for the department, and the estimation of the load 
factor is adjusted according to the error margin. In the end, the 
load factor reaches an acceptable level which allows less than 
5 per cent difference between the energy reading and the 
aggregation of component energy consumption over 12 
months. Umberto® was selected to develop the static energy 
and material flow model, due to its ability to construct the 
hierarchy from department to component. It can also generate 
sankey diagrams and enables environmental impact 
assessment, material flow accounting, etc. 
4.2. Stage 2: Hot spot identification  
At this stage, the static results were first visualised in a 
series of Sankey diagrams from department to component 
level. Fig. 2 shows an example of the electrical energy flow 
over the hotline department. Two sources of electricity are 
used here: 415V for conventional users and 11kV for the 
heavy duty motors. The arrow thickness clearly highlights the 
main energy consumers in the department.  
Fig.2. Sankey diagram of the electrical energy flow for the tested case 
According to the Sankey diagram, the two rolling 
processes are the most energy intensive processes in the 
department. The machine utilisation rate for those processes is 
also high. In comparison, scalping process line is ranked as 
the third largest electrical energy consumers, but its utilisation 
rate is only 20 percent. After a workshop with the engineers in 
hotline department, the scalper process line is targeted for 
further improvement. This production line consists of several 
material handling and process completion modules (e.g. 
Scalper, Swarf fan, Crusher, Conveyor and etc.). The Fig. 3 
illustrates the energy consumption breakdown of this 
production line according to the results from stage 1. 
According to this diagram, the swarf fan accounts for 32 per 
cent of the electricity consumption (2nd largest share) in the 
scalping process line. The recorded utilization rate is lower 
than 15% as the fan was kept on during each working shift 
although the milling process only lasts for a short period. Due 
to its high energy share and inefficiency, the swarf fan was 
identified as the large energy and cost saving potential option. 
Fig.3. Energy consumption breakdown of scalper production line 
4.3. Stage 3: Detailed metering and modeling  
This section explains applied data and assumptions to 
develop the simulation environment that assists analysis of 
different scenarios for the case study. First of all, a 
comprehensive study on the production cycle times was 
carried out to identify the times that scalper fan can be 
potentially switched to off or idle mode. The Fig. 4 illustrates 
three identified time slots. First, production cycle refers to the 
time of each ingot from entrance to exit the scalping process 
line (Tproductioncycle). The Second one is the milling time that is 
required for each side of the ingot to be milled (Tmilling). The 
third one is the gap cycle (Tgap) between each production 
cycle when there is no ingot at the scalping line to be 
processed. The gap cycle also covers the setup time at the 
start of each batch as well as the period from last processed 
ingot to the scalping process line shut down.  
 Fig.4. Operation time breakdown of scalper production line 
Respectively, a state-based simulation was developed to 
model the activities in the scalping process line regarding the 
three time slots. The collected production record from stage 1 
was used as the input information. The simulation results 
suggested that the gap cycle time varies between 2 minutes up 
to 23.5 hours. The histogram of the gap cycle time is 
illustrated in Fig. 5. According to the operators, the swarf fan 
had been switched off manually if the gap cycle time was 
longer than 4.5 hours. As a result, the total operation time for 
the swarf fan and its energy consumption can be derived from 
the simulation as the baseline scenario.  
A sub-metering activity was conducted for the swarf fan 
for 3 days. A portable electricity meter was installed which 
provides 1 second resolution. The Fig. 6 illustrates the 
metered active power over 8 hours of the sampling time. The 
peaks on the graph indicate the milling process, which agree 
with the number of scalped ingots in the production record.  
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Fig.5. Histogram of gap cycle times at scalper production line 
 
The detailed metering results also provides information 
including the actual load factor (fLoad), the operation hours and 
the gap cycle times. The assumed load factor is 0.90 whereas 
the actual is 0.91. The average operation hours of the fan for 3 
days is matched with one year assumption. Therefore the 
results for the baseline scenario are validated.  
Moreover, based on the collected data from the site, the 
milling process of each ingot takes 1.5 minutes on average 
(Tmilling). This is the value adding time in the whole production 
cycle for each ingot. It is also assumed that there will be a 
demand for fan operation before and after of the milling 
process. This is required to make sure that the fan can ramp 
up to supply required static pressure and scalped chip 
conveying is completed through crusher which can take up to 
additional 1.5 minutes (TRamupUp/Down). So in total, minimum 
required fan run time per ingot is assumed to be 3 minutes. 
Respectively ideal scenario is modeled based on minimum 
required operation time of swarf fan and number of processed 
ingots during one year. The derived minimum theoretical 
energy consumption suggests that the reduction potentials are 
more than 85 per cent.  
4.4. Stage 4: Improvement evaluation 
After a brainstorm session, two improvement options have 
been identified: variable speed driver (VSD) and soft starter. 
There are number of manufacturers offering such options, 
such as Siemens® and Toshiba®. Specific models of VSD 
and soft starter were selected according to the technical data 
sheets, giving consideration to the current motor size, 
operation conditions. Those technical data sheets were further 
used to modify the state-based process model from stage 3. 
This would guarantee that technology constraints are involved 
in the system simulation and can cope with existing system 
operation. 
Fig. 7 illustrates the Anylogic® model for the VSD option 
where the motor load can be reduced if the milling process is 
not in action. In this case the load factor of the electric motor 
would be reduced to 0.2 by switching to partial load state. 
Also the energy efficiency at partial load state is calculated 
based on the existing studies on the electric motors and is 
assumed to be 80% of the full load efficiency, which in this 
case is considered to be 90% based on the electric motor size 
[20]. If the gap time is longer than 4.5 hours, the swarf fan 
can be completed switched off. The simulation runs based on 
the defined events and transitions when the entities enter the 
model. For instance, in case of VSD application the model 
switches to full load state when an entity enters and switches 
to partial load state when the Tfullload is passed. The transition 
timings are calculated as follow: 
/fullload milling RampUp DownT T T                                            (1) 
( )partialload productioncycle fullload gapT T T T                             (2) 
where Tfullload and Tpartialload refer to the duration of the full 
load and partial load states respectively.  
The modification for softer start was relatively easy. The 
swarf fan can be switched off more frequently when the gap 
cycles are more than 0.5 hour instead of 4.5 hours.  
The same production record as baseline scenario was used 
to determine the operational states of the drive and duration of 
state transitions. The annual energy consumption for each 
option and scenario was calculated and illustrated in Fig. 8. 
This indicates the potential savings through electric motor 
retrofitting compared to baseline and ideal scenarios.  
The payback period of each option was calculated based on 
the simulated energy consumption and other estimated cost 
information like equipment cost, installation cost, etc. 
Although soft starter results in a very short payback period 
(less than 3 months), it can potentially increase the 
maintenance cost for the main swarf motor due to the high 
Fig.6. Active power metering of the scalper fan drive  
Fig.7. VSD state based model 
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frequency of switch on/off. In comparison, although the 
payback period of the VSD option is about 12 months, the 
energy saving is higher and the motor can have the same 
on/off frequency. In the end, the decision makers favor the 
VSD option and decided to implement in the near future.  
 
 
 
 
 
 
 
 
 
 
 
 
 
5. Summary and Outlook 
In order to achieve energy efficient manufacturing, this 
paper proposes a roadmap for industry not only to identify hot 
spots and improvement potentials but also to simultaneously 
undertake adaptation requirements of the potential retrofitting 
options to the existing processes or production lines. 
Moreover the proposed methodology facilitates scenario 
analysis for decision makers to achieve the most effective 
outcomes. The proposed roadmap is applied to an existing 
industrial site through development of required models and 
analysis of potential scenarios.  
The general MEFA can be completed with estimations, but 
detailed process modelling and sub-metering is important to 
evaluate the improvement options. In this case value adding 
and non-value adding times of the studied production line 
were identified throughout the state-based simulation. The 
model was validated with the energy metering of 3-day 
production. The decision makers found the metered results 
very convincing.  
Compared to existing studies, the developed methodology 
is a top-down based strategy to comprehensively incorporate 
existing departments towards energy efficiency. This has 
clarified the stages to achieve applicable and effective 
practices in manufacturing industry. 
Apart from potential retrofitting solutions, further 
sustainability enhancement approaches such as process 
control and integrated material and energy flow optimization 
should be studied in more details in future. Furthermore 
optimal system configuration can be identified by simulation 
of potential operational strategies.  
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Fig.8. Annual energy consumption of the evaluated scenarios 
